ABSTRACT: Sanitary landfills are important means of disposing municipal solid waste in developing countries. However, these landfills are associated with the generation of leachate, which if untreated may pose severe public health risk and may damage the ecosystem in the long term. In this study, cockle shells were explored as an adsorbent media for the treatment of a stabilized landfill leachate. The optimum shaking speed, pH, and dosage for chemical oxygen demand (COD) parameter removal were investigated using the adsorbent media of particle sizes ranging from 2.00 mm to 3.35 mm. Leachate characteristics were then determined. Results indicated that leachate is non-biodegradable with high concentrations of COD (1763 mg/L), ammonia nitrogen (573 mg/L), and biochemical oxygen demand/COD (0.09). The optimum conditions for shaking were determined at 150 rpm according to the adsorption of COD by the media. Optimum pH and dosage was 5.5 and 35 g/L, respectively. The adsorption isotherms indicated that Langmuir isotherm is better fitted than Freundlich isotherm.
INTRODUCTION
Leachate is the wastewater generated from the biochemical reaction that occurs inside a waste deposit in a sanitary landfill. The process occurs when waste undergoes physical, chemical, and biological decomposition under aerobic and anaerobic conditions. Leachate usually contains dissolved contaminants, volatile organic acids, toxic heavy elements, and high concentrations of organic matter, chemical oxygen demand (COD), ammonia nitrogen, and biochemical oxygen demand (BOD5) [2] [3] [4] [5] [6] [7] . When leachate containing high levels of dissolved contaminants is directly discharged into the environment, it may contaminate soil and water bodies, seriously threatening the environment and public health [8] [9] [10] [11] [12] [13] .
Many conventional landfill leachate treatments involve high-technology processes. To meet discharge standards, the conventional methods that generate residues are saddled with high initial and operational costs and low applicability to a wide variety of pollutants, among others [14] [15] [16] [17] [18] [19] [20] [21] . In recent years, an increasing number of research looks into the potential application of other adsorbents (e.g., agricultural waste or natural polymers and by-products of industrial processes) to achieve appropriate leachate treatment or as an alternative approach to conventional media for the treatment of pollutants that exist wastewater.
For example, gravel sand and peat soil have been explored as a possible treatment of kitchen wastewater, fruit waste has also been analyzed for the removal of heavy metal in wastewater, and the application of certain crops has been postulated for the removal of heavy metal from specific contaminated soils [22] [23] [24] . Although adsorption through activated carbon is extremely popular, only a few studies focus on the application of cockle shells (CS) as a substitute of conventional media in landfill leachate treatment. Cockle is small, edible, marine bivalve molluscs living along sandy beaches. In this study, loose CS was experimentally investigated to determine the optimum parameter of agitation speed, pH, and dosage in the removal of COD from a stabilized landfill leachate.
MATERIALS AND METHOD

Sampling
The leachate sample was collected manually from Simpang Renggam municipal landfill site in Johor, located at latitude 10 53'41.64" N and longitude 1030 22'34.68" E in Kluang District. [25] . The initial size of the area was only approximately 8 acres, which was insufficient to accommodate the high volume of waste being transported.
The landfill receives roughly 250 tons of waste every day. Hence, the government has established a new sanitary landfill beside the existing one to cater for the volume of waste transported from the surrounding districts [26] . Raw leachate samples were collected from the influent of the detention pond in clean 20-L highdensity polyethylene plastic containers, were transported to the wastewater research laboratory, and were stored at 4 °C in a cold room at Universiti Tun Hussein Onn Malaysia (UTHM) to minimize any change in their initial characteristics. All chemical analyses for leachate characterization were performed within the following 24 h in accordance with the Standard Methods for the Examination of Water and Wastewater [27] . All chemicals used were of analytical grade.
Adsorbent Preparation
The CS were obtained from several commercial restaurants in Batu Pahat area in Johor. The preparation was conducted according to the procedure outlined by [28, 29] . The CS were brushed and washed thoroughly with tap water, rinsed with distilled water, and air-dried for 24 h. These samples were then oven-dried at 105 °C and air-cooled to room temperature before being pulverized. Subsequently, the shells were sorted into crushed sizes from 2.0 mm to 3.35 mm [13] . The chemical composition of the media was determined using an X-ray fluorescence spectrometry (Model Bruker S4 Pioneer), whereas its density was obtained conventionally (dry weight/volume). Table 2 indicates the composition of the CS.
Batch study
The optimum equilibrium conditions for batch study were determined at ambient temperature at a fixed time of 105 min for shaking speed and pH using 8 g of media and 100 ml of raw leachate or 80 g/L of biosorbent concentration. The agitation speed was changed from 50 to 200 using an orbital shaker (DAIKI), and the pH was adjusted from 2 to 10 using sodium hydroxide and hydrochloric acid.
All samples were assessed in triplicate under identical conditions, and the average was obtained. The adsorbent dose was determined by applying 8-64 g/L of the adsorbent. Samples were analyzed for COD, which is one of the major contaminants in leachate. The COD in mg/L was measured using an ultraviolet-visible spectrophotometer (HACH DR6000) [27] . The quantity of the adsorbed COD per unit CS was evaluated using Equation (1).
The COD percentage removal (%) was evaluated with equation (2).
RESULTS AND DISCUSSION
Chemical analysis of leachate
Numerous published studies describe the variations in leachate quality from different landfills [28] . Table 1 presents the characteristics of the leachate used in this study. The leachate has a high amount of COD, ammonia nitrogen, and iron (Fe) (see Table 1 ). The average values of BOD5 and COD are 164 and 1763 mg/L, respectively.
The biodegradability ratio (BOD5/COD) of a raw leachate ranges from 0.06 to 0.15 with an average of 0.09 (see Table 1 ). The data of the BOD5 and COD indicate that the leachate is evidently stabilized.
A stabilized leachate usually has high NH3-N (>400 mg/L) and COD (<3000 mg/L) but low biodegradability ratio [2] . The pH of leachate ranges from 7.85 to 8.26 with an average of 8.11, and it usually increases with time, reflecting the decrease in concentration of the partially ionized free volatile fatty acids [3] . A previous research has shown that the pH of a stabilized leachate is greater than 7.5 [30] . Untreated samples in this study indicated a stabilized leachate. The concentrations of Fe are presented in Figure 1 illustrates the COD percentage removal in the sample after shaking at 50, 100, 150, and 200 rpm in an orbital shaker. The optimum removal for COD by the adsorbent occurs at 150 rpm. At the beginning of adsorption, the adsorption increases simultaneously with the agitation speed. After reaching 150 rpm, the adsorption dissipates even with a further increase in the shaking speed. Therefore, the adsorption may have attained equilibrium at 150 rpm (28%), such that no further improvement can be attained. shaking speeds This adsorption behavior may be due to the fact that the initial kinetic energy of the adsorbents and that of the leachate molecules increase as the shaking speed increases. Consequently, the probability of interaction between the molecules and adsorbent becomes significant; hence, the amount of adsorbate increases until it reaches the equilibrium state. After reaching equilibrium, the adsorption diminishes even with the increasing shaking speed. Thus, the condition after equilibrium is possibly caused by the extremely high kinetic energy of the molecules and adsorbent particles that limited their interaction with each other [31] . Hence, 150 rpm was selected for further study.
Effect of shaking speed
Optimum pH
Figure 2 exhibits the percentage removal rate in the sample after the pH is adjusted from 2 to 10 and at an agitating speed of 150 rpm. A gradual increase is evident in the percentage uptake by the adsorbent up to pH5.5 (53%), and the uptake decreases from pH6 to pH10 (see Figure 2) . When the pH increases in the solution, the number of negatively charged sites increases, whereas that of the positively charged sites decreases, thereby resulting in an electrostatic attraction between the charged particles. The uptake process increases until it reaches equilibrium.The decrease in the uptake with an increase in pH from pH6 may be caused by the dissociation that occurs at the solid to liquid boundary because of the acid and base interaction [32] . The optimum pH condition for the COD removal is at pH5.5 (see Figure 2) .
Optimum dosage
The effect of the adsorbent dosage on adsorption was evaluated with an agitation speed of 150 rpm, a pH of 5.5, and an adsorbent mass ranging from 8 g/L to 64 g/L. From the beginning, the percentage removal increases with the increase in the adsorbent dose until it reaches an optimum mass of 35 g (55%); then, the percentage removal begins to decrease with a further increment of the adsorbent dose (see Figure 3) . This behavior can be explained considering that when the amount of adsorbent increases, the amount of available adsorption sites increases until the optimum mass is reached; any further increase in the adsorbent dose may result in aggregation, which can decrease the probability of molecules contacting all available adsorption sites [33, 34] . 
Adsorption equilibrium
Adsorption equilibrium is usually plotted in the form of adsorption isotherm (at constant temperature) with the amount adsorbed and mass in the effluent fluid placed on Y-and X-axes, respectively. The isotherm study explains the process of adsorption and the interaction between the adsorbent surface and adsorbate. Langmuir and Freundlich isotherm equations have been widely used for the equilibrium modeling of adsorption systems.
Langmuir Isotherm.
Langmuir isotherm analyzes the formation of a monolayer adsorbate onto the adsorbent surface. This isotherm is based on the assumption that finite adsorption sites are available on the adsorbent surface and that any further adsorption can no longer be completed after these sites are occupied [35, 36] . The Langmuir isotherm is represented by Equation (3). The linearized Langmuir equation is expressed as follows:
The maximum amount of adsorbate (q m ) taken in a given system can be evaluated from the isotherm. A linear plot of 1 versus 1 gives the slope as 1 and intercept 1 .
Freundlich Isotherm.
Freundlich isotherm is an empirical model that explains heterogeneous surface adsorption in which the surface concentration of the adsorbate on the adsorbent increases with the increase in the initial concentration of the solution [36] . This isotherm can be denoted as = . Figures 4 and 5 illustrate the Langmuir and Freundlich isotherms, respectively. The linear plot of both isotherms implies that both are favorable for the experimental data obtained. However, the Langmuir model has higher coefficient of determination (R2) values than the Freundlich model, indicating that the former fits better than the latter. The adsorption on the adsorbent is characterized by a monolayer coverage [26] .
CONCLUSION
The ability of the CS adsorbent to minimize COD from leachate solution is investigated. The results indicate that the optimum conditions of shaking speed, pH, and dosage for COD removal are 150 rpm, pH5.5, and 35 g/L, respectively. The adsorption isotherms show that the Langmuir isotherm is better fitted than the Freundlich.
The research findings expand the existing literature on alternative media for leachate treatment, especially in developing countries. Further research is in progress at the UTHM to determine other factors that may affect the field study. 
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